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Edited by Fransesc PosasAbstract Meristems are sites of undiﬀerentiated cell division,
which carry on developing into functional organs. Using the
two-hybrid system with a poplar 14-3-3, we uncovered poplar
NIMA-related kinase 1 (PNek1) as an interacting protein.
PNek1 shows high homology to the mammalian NIMA-related
kinases, which are thought to be involved in cell cycle progres-
sion. Using a synchronized poplar cell suspension, we observed
an accumulation of PNek1 mRNA at the G1/S transition and
throughout the G2-to-M progression. Moreover, PNek1-GFP
fusion protein localized in the cytoplasm and in both the nuclear
and nucleolar regions. Overexpression of PNek1-GFP in
Arabidopsis caused morphological abnormalities in ﬂower and
siliques. Overall, these results suggest that PNek1 is involved
in plant development.
Crown copyright  2005 Published by Elsevier B.V. on behalf of
the Federation of European Biochemical Societies. All rights
reserved.
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Plant development is essentially postembryonic, and meri-
stems are well known regions of cell division and proliferation
in plants. For example, leaf initiation is under the tight control
of transcriptional regulators including CLAVATA,
WUSCHEL and KNOX genes, which are thought to be mod-
ulated by hormones, such as auxins and cytokinins [1,2]. Fur-
ther leaf development involves a series of coordinated cell
division, diﬀerentiation and elongation [3]. As in any other
eukaryote, the plant cell cycle is driven by cyclin-dependent ki-
nases (CDKs). Activation of CDK requires association with
their regulatory units called cyclins. CDK/cyclin complexes
are involved in the progression of the cell cycle at diﬀerent lev-
els. In plants, progression through the G1 phase is regulated by
the association between A-type and D-type cyclins (CycA and
CycD) with A-type CDKs (CDKA), while CDKA and CDKBAbbreviations: CDKs, cyclin-dependent kinases; Neks, NIMA-related
kinase; SPAK, self-pruning associated kinase; SIP4, self-pruning
interacting protein 4; PNek1, poplar NIMA-related kinase 1; WT, wild-
type; NLS, nuclear localization sequence; LPI, leaf plastochron index
*Corresponding author. Fax: +1 418 648 5849.
E-mail addresses: seguin@nrcan.gc.ca, seguin@cﬂ.forestry.ca
(A. Se´guin).
0014-5793/$30.00 Crown copyright  2005 Published by Elsevier B.V. on b
reserved.
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and mitosis to proceed [1].
In the ﬁlamentous fungus Aspergillus nidulans, entrance
into mitosis also requires the activation of NIMA. Lack of
NIMA function causes cell cycle arrest in G2 while overex-
pression of the NIMA gene results in the premature onset
of mitosis with chromatin condensation and the formation
of abnormal mitotic spindles [4]. Additional studies estab-
lished a correlation between histone H3 phosphorylation
by NIMA and chromosome condensation [5]. To date, the
Neurospora crassa NIM-1 is the only functional NIMA
homologue identiﬁed [6], but ectopic expression of NIMA
in ﬁssion yeast, Xenopus laevis and human cells also leads
to chromatin condensation [4]. At least eleven mammalian
NIMA-related kinase (Neks) have been described [7].
Among these, Nek2, which possesses the highest sequence
identity to the fungal NIMA, is involved in the centrosome
cycle through phosphorylation of c-Nap1 during the cell
cycle [8].
To date, the Antirrhinum majus AmnimA and the tomato
self-pruning associated kinase (SPAK) are the only Neks de-
scribed in plants. AmnimA was recovered as a partial 500 bp
fragment in the catalytic kinase domain [9]. SPAK was shown
to interact with SP, a 23-kDa protein involved in shoot archi-
tecture and ﬂowering regulation [10]. SPAK was also found to
interact with 14-3-3 isoforms and self-pruning interacting pro-
tein 4 (SIP4) a novel 10 kDa protein. 14-3-3 proteins are highly
conserved acidic proteins involved in many cellular processes
through protein–protein interactions [11]. Most of these inter-
actions involve the presence of phosphorylated residues
according to a particular motif on the 14-3-3 ligand [12]. The
need for 14-3-3 during the cell cycle was demonstrated in
Schizosaccharomyces pombe when Rad24 and Rad25 were
shown to be involved in the G2 checkpoint [13]. In mammalian
cells, 14-3-3s play a role in cell cycle regulation through inter-
action with several proteins including cdc25 phosphatase [14],
the transcription factor p53 [15], the Wee1 kinase [16] and
cyclin-dependent kinases [17].
In this study, we report on the isolation of another plant
poplar NIMA-related kinase 1 (PNek1) and its interaction
with a poplar 14-3-3. We also show that Neks represent a
conserved gene family in plants. We found that PNek1 tran-
script accumulates at the G1/S transition and during G2-to-M
progression. Ectopic expression of PNek1 in Arabidopsis tha-
liana resulted in abnormal ﬂower development. These results
suggest that PNek1 is involved cell proliferation and plant
development.ehalf of the Federation of European Biochemical Societies. All rights
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2.1. Plant materials
The two-hybrid cDNA library was prepared from leaves of Populus
tremula · alba clone (INRA 717 1-B4). Cell cycle synchronization was
performed on a poplar cell suspension of Populus trichocarpa · delto-
ides (clone H11-11) [18]. The Arabidopsis thaliana ecotype Was-
silewskija (Ws) was used for the overexpression of the GFP
transformants.2.2. Two-hybrid library construction and screening
Leaves from poplar were subjected to wounding and the following
chemical treatments: salicylic acid, chitosan, jasmonic acid, and fusi-
coccin. Total RNA was extracted [19] from a mixture of these induced
leaves from which mRNA was isolated using the Polytract IV system
(Promega). Five micrograms of mRNA was used for cDNA synthesis.
A GAL4 activation domain fusion cDNA library was then generated
using the Hybrizap 2.1 Kit (Stratagene). The coding region of 14-3-
3P20-5 was inserted in-frame into the pBDGal4 vector (Stratagene),
and the two-hybrid screening was performed as described by the man-
ufacturer using the yeast strain Y190 (BD Biosciences).2.3. cDNA cloning, plasmid construction and mutagenesis
Cloning techniques were performed according to standard protocols
[20]. The complete cDNA encoding poplar PNek1 was obtained by
5 0RACE with the SMART RACE cDNA Ampliﬁcation Kit (Clon-
tech). The 2419 pb complete PNek1 cDNA was cloned into pCR2.1
using the TA cloning kit (Invitrogen). A 1.9 kb PCR amplicon obtained
with primers 9kin2ATG (5 0-GCATCCTGTCGACTCGAGATG-
GAGCAGTATGAAGTA) and 9kinstop (5 0-GCGTCGACCTAA-
CAATCTTCCGTTTTGGC) was SalI digested and subcloned into
the pBD-Gal4 vector to generate pNek-BD. The diﬀerent pNek-BD
deletants were obtained by subcloning the following restriction digest
fragments into pBD-Gal4: a 1042 pb EcoRI/XhoI, a 230 pb EcoRI,
and a 430 pbNdeI fragment from pPNek-AD (the original clone recov-
ered from the two-hybrid screening) were used to generate
PNekBDD383-621, PNekBDD383–457 and PNekBDD462–606, respec-
tively. The PNekBDD1–263 deletant was obtained by subcloning a
0.4 kb PCR amplicon generated with primers 9kin2ATG and 9catstop
(5 0-GCGTCGACCTAAAGGACATAAGGCTGAAGA) into the
pBD-Gal4. Mutagenesis was performed using the QuikChange XL
site-directed Mutagenesis kit (Stratagene). The following mutagenized
primers (mutagenized nucleotides are underlined) were used for
obtaining the diﬀerent mutants of plasmid pNek-BD: (GAAGTATG-
TGTTGAGAAAGATCAGGCTTGCGAGGC) for the catalytically
inactive PNekBDDK33R, and (AGCCCTAGACAGAATGCATTAC-
CTTTCCAATG), (CACTACTAGGAGACGGGCAGAGCCTGTA-
AAAAAAC), and (CAACAACTCGCAGAACAGCTTTGCCATT-
GCCATC) for the three 14-3-3 motif mutants PNekBDDT276A,
PNekBDDT389A and PNekBDDS416A, respectively.2.4. Computational analysis of PNek1
WWWPESTﬁnd (http://www.at.embnet.org/embnet/tools/bio/PEST
ﬁnd/) and Coils Server (http://www.ch.embnet.org/software/COILS_
form.htmL) programs were used to predict these speciﬁc secondary
motifs of the Neks. Scansite (http://scansite.mit.edu/) was used to ﬁnd
the putative 14-3-3 binding domains. The catalytic domain, nuclear
localization sequence and c-carboxyglutamic acid-rich (GLA) domain
were predicted by PROSITE (http://ca.expasy.org/tools/scanprosite/),
PFAM (http://www.sanger.ac.uk/Software/Pfam/search.shtml) and
PlantsP (http://plantsp.sdsc.edu/plantsp/html/feature_scan.html), res-
pectively. Sequence alignments were performed using ClustalW
(v1.8), and phylogenetic analyses were carried out with the PHYLIP
package (v3.6).2.5. Cell cycle synchronization and northern analysis
Synchronization of poplar cell suspension H11-11 with aphidicolin
was performed as previously described [21]. Early stationary phase
cells (day 7) were incubated with aphidicolin (4 lg mL1) for 21 h
and were then extensively washed. Aliquots of the synchronized cells
were taken during a period of 26 h. Northern analyses were performed
using 10 lg of total RNA. Probing was carried out using a 437 bp frag-ment from the PNek1 carboxy-terminal region corresponding to amino
acids 270–415; a 180 bp fragment for histone H4 and a 441 bp frag-
ment for cyclin B1 from a poplar EST database; and a 193 bp fragment
from the 3 0 untranslated region of 14-3-3P20-5 cDNA. To determine
the M/A index, cells were DAPI-stained and the proportions in meta-
phase and anaphase determined under a ﬂuorescence microscope.2.6. Arabidopsis thaliana transformation and overexpression of GFP
fusions
Agrobacterium tumefaciens strain C58pMP90 [22] carrying the GFP
fusion binary vectors pEGAD and the 35S promoter [23] was used to
transform Arabidopsis (Ws) at the ﬂoral stage using the Silwet protocol
[24]. Seeds of these plants were surface-sterilized and grown in vitro
[25]. Selection of transformed plants was performed on 10 lg mL1
ammonium glufosinate (Basta). Arabidopsis root hairs were obser-
ved by Confocal Laser Scanning Microscopy using a Zeiss LSM310
instrument.3. Results
3.1. PNek1 is part of a NIMA family in plants
A total of 3 · 106 transformants from a poplar two-hybrid
library were screened using 14-3-3P20-5 (AF121195) as bait.
We recovered a 5 0 truncated cDNA encoding 239 amino acids
showing homology to the Nek family. The complete cDNA
encoding PNek1 (AF469649) was subsequently obtained by
5 0RACE. The PNek1 cDNA is 2419 pb long and encodes a
predicted protein of 621 amino acids with a molecular weight
of 69.7 kDa and an isoelectric point of 9.5. The predicted pro-
tein contains a kinase catalytic domain (amino acids 1–263)
with conserved sub-domains typical of serine/threonine protein
kinases related to the NIMA family [26] and a long C-terminal
tail (amino acids 264–621).
Our Arabidopsis genome-wide search has uncovered seven
putative ORFs showing homology to the Nek family. Phyloge-
netic analysis of the catalytic domains of the Neks indicates that
PNek1, SPAK and all the putative proteins from Arabidopsis
cluster within a subgroup that includes the human isoforms
Nek4 and Nek11 (Fig. 1A). In the present study, we decided to
name theArabidopsisNIMA-related kinasesAtNek1 toAtNek7
based on their sequence homology with PNek1. The catalytic
domain of PNek1 is closely related to the putative AtNek1
and to the tomato SPAK proteins (90% identity), and shows
45% identity with human Nek4. Secondary motif prediction of
PNek1 indicates a potential bipartite nuclear localization se-
quence, a PEST degradation motif, a coiled-coil domain, and
three putative 14-3-3 binding motifs. These motifs are typical
of the long C-terminal extension of the Neks [7]. Here we show
that these motifs are conserved within the plant Neks
(Fig. 1B). Interestingly, AtNek5 and AtNek7 constitute a sub-
group distinct from the other plant sequences, presenting two
potential coiled-coil domains in their C-terminal regions and a
GLAdomain, which is a calcium-dependentmembrane-binding
motif [27]. These data suggest that, as in mammalian cells, plant
Neks also constitute a closely related gene family.
3.2. The presence of the PNek1 serine 416 and its
homodimerization domain are necessary to trigger the
14-3-3 interaction
In order to verify if the putative 14-3-3 motifs present in the
deduced PNek1 were required for the 14-3-3/PNek1 interac-
tion, we replaced each of the three possible phosphorylated res-
idues within those motifs with an alanine residue (Fig. 2A).
Fig. 1. PNek1 structural features. (A) Phylogenetic tree of the NIMA
kinase family. The tree was generated from amino acid sequences of
aligned N-terminal catalytic domain by neighbor-joining distance.
Line lengths indicate the relative distances between nodes. Bootstrap
values of 100 replications are shown for all branches. (B) Schematic
representation of analyzed plant Neks with their respective predicted
secondary motifs. Accession Numbers. are: A. nidulans NIMA
(P11837); N. crassa Nim1 (P48479); S. pombe Fin1 (O13839); S.
cerevisiae Kin3 (NP_009410); A. thaliana AtNek1 (NP_175853),
AtNek2 (NP_187132), AtNek3 (NP_198181), AtNek4 (NP_191887),
AtNek5 (NP_188722), AtNek6 (NP_190006), AtNek7 (NP_187827);
L. esculentum SPAK (AAL04423); P. canescens PNek1 (AF469649);
H. sapiens sequences can be retrieved from www.kinase.com.
Fig. 2. Analysis of the 14-3-3 interaction domain involved in PNek1
interaction. (A) Mapping of the 14-3-3 binding sites and homodimer-
ization domain in PNek1. Schematic diagram showing association of
either PNek1 or 14-3-3P20-5 with the indicated single point mutants
(A, alanine; K, lysine; R, arginine; S, serine; T, threonine) and
truncations of PNek1 in the yeast two-hybrid system. Legend: +++,
strong interaction; +, weak interaction; , undetectable interaction;
NLS, nuclear localization signal; PEST, PEST degradation motifs; CC,
coiled-coil domains. (B) Pairwise alignment of the potential 14-3-3
binding motifs from the putative AtNeks. Amino acid number is
indicated for both 14-3-3 potential motifs.
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mutating serine 416 completely abolished the interaction with
the 14-3-3, whereas mutating threonine 276 and threonine
389 had no eﬀect. Of the seven putative AtNeks, ﬁve contain
a potential 14-3-3 binding site near PNek1 threonine 276 andfour display a similar motif near PNek1 serine 416 (Fig. 2B).
We also generated a catalytic inactive kinase by replacing the
conserved lysine residue involved in the ATP binding loop with
an arginine. This catalytic inactive kinase displays a weaker 14-
3-3 interaction, suggesting the need for PNek1 kinase activity in
order to achieve proper interaction. PNek1 was found to
homodimerize in yeast cells and among all PNek1 mutants,
only mutation to the threonine 389 weakened the homodimer-
ization of PNek1. To further characterize the PNek1 protein
domains involved in 14-3-3 interaction and for its homodimer-
ization, we analyzed truncated mutants (Fig. 2A). These results
indicate that the homodimerization domain of PNek1 lies be-
tween residues 463 and 606 which include the putative coiled-
coil domain. In addition to serine 416, this homodimerization
domain seems to be necessary for 14-3-3/PNek1 interaction.3.3. Expression of PNek1 mRNA is cell cycle regulated
In order to characterize the expression pattern of PNek1, a
poplar cell suspension was synchronized using aphidicolin,
which arrests the cell cycle in early S phase [28]. Work withAra-
bidopsisMM2d cell suspension had shown a high degree of syn-
chronization from late G1/early S phases through the entrance
in another S phase, 17 h after blocking was released [21]. Pro-
gression of poplar cells through the cell cycle was slower than
that of ArabidopsisMM2d cells, as determined by DAPI stain-
ing (Fig. 3A). PNek1 transcript accumulates in cells blocked
Fig. 3. Expression analysis of PNek1 transcripts in poplar cell
suspension. (A) Northern analysis of poplar suspension cells synchro-
nized in early S phase. Total RNA was prepared at the indicated time
after release from early S arrest (from 0 to 26 h). The histone H4 and
B-type cyclin (CycB1) were used as a positive control for cell cycle
synchronization. The mitotic index (lower panel) was determined by
microscopic observation of DAPI-stained cells. (B) Analysis of the
expression of PNek1 and 14-3-3P20-5 in poplar tissues: AM, apical
meristem; S, stem; R, roots; L2, young leaf (LPI-2); L6, developing leaf
(LPI-6) leaf; LM, mature leaf; B, buds; 1P, primary phloem; 2P,
secondary phloem; XC, xylem cambium-enriched; 2X, secondary
xylem. Total RNA loading is illustrated by ethidium-bromide staining
of rRNA at the bottom of each panel.
Fig. 4. Confocal laser scanning microscopies of Arabidopsis root hairs
show that GFP-PNek1 cellular localization is mediated through signals
found in its C-terminal tail. (A) GFP control. (B) GFP-D263-N.
(C) GFP-PNek1. (D) GFP-D264-C. (E) Conﬁrmation of localization in
the nuclear region of GFP-PNek1 was done using DAPI staining (E 0).
Arrow indicates the nucleolus. Bar = 10 lm.
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mRNA rapidly decreases to no detectable level 2 h after being
released from the block. PNek1 transcript remains undetectable
until 6 h post-aphidicolin in late S phase and then quickly
reaches maximal levels of expression between 14 and 22 h,
which correspond to the G2-to-M phases. As control for the
experiment, the S phase marker gene histone H4 was found
to accumulate during the block and for 2 h following the release
from the aphidicolin block and then to rapidly decrease. In
comparison, the B-type cyclin, CycB1 was used as a control
to determine the G2/M phase, which occurred between 18 and
22 h. Expression of 14-3-3P20-5 transcripts does not ﬂuctuate
during the progression of the cell cycle. These data suggest that
PNek1 could be involved during the progression through the
G1/S and G2/M, but is not required during S phase.
PNek1 expression levels are relatively high in meristematic
tissues, as observed with the accumulation of transcripts in
apical meristems, buds and cambium (Fig. 3B). Interestingly,
both cell cycle marker genes, H4 and CycB1, show a patternsimilar to PNek1. Moreover, we observed a decrease in the le-
vel of expression from a young leaf to a mature leaf. These
data are consistent with a role in cell proliferation.
3.4. PNek1 is located in the cytoplasm and the nucleolar region
To investigate the subcellular localization of PNek1, the entire
PNek1 coding sequence (GFP-PNek1), the N-terminal catalytic
domain (GFP-D263-N; amino acids 1–263), the C-terminal tail
(GFP-D264-C; amino acids 264–621) and the control pEGAD
vector (GFP alone) were transformed intoArabidopsis to gener-
ate four diﬀerent 35S::GFP transgenic lines. Confocal laser
scanning microscopy of single cell root hairs revealed that
GFP-D263-N accumulate predominantly in the nucleus, includ-
ing the nucleolar region (Fig. 4B), while the GFP control was
present in the nucleus but excluded from the nucleolus
(Fig. 4A). GFP-PNek1 and GFP-D264-C showed similar cellu-
lar localization with GFP signals being observed in the nuclear
and the nucleolar regions, as well as in the cytoplasm (Fig. 4C
and D). These results indicate that the PNek1 C-terminal tail
contains the signal required for its proper cellular targeting.
3.5. Overexpression of PNek1 causes several morphological
abnormalities
Among the 50 independent 35S::GFP-PNek1 Arabidopsis
lines examined, more than half displayed signiﬁcant morpho-
logical anomalies mostly aﬀecting the ﬂoral organs. Many
transformants displayed ﬂowers with shorter stamen ﬁlaments
Fig. 5. Phenotypic analysis of GFP-PNek1 overexpression in Arabidopsis. (A) WT ﬂower containing sepals (se), petals (pe), stamens (st) and a central
gynoecium with fused carpels (ca). (B) Flowers showing shorter stamens. In A and B, some of the sepals and petals were removed to reveal the inner
organs. (C–E) Smaller stamens and practically nonexistent petals and a completely disorganized ﬂower. (F,G) GFP-PNek1 lines had smaller siliques
and poor seed production (F, magniﬁcation 3·) as compared with the 50 seeds contained in a WT silique (G, magniﬁcation 1· ). (H,I) GFP-PNek1
lines exhibit smaller rosette leaves and accentuated ramiﬁcations of the ﬂoral stems. Bar = 1 mm.
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green cylindrical structures reminiscent of the stamen, and a
shorter carpel as well as completely disorganized inﬂorescence
branches (Fig. 5C–E). Additional phenotypes included many
lines that displayed sterile siliques or carried only a few seeds
(Fig. 5F). These siliques were smaller when compared with
the wild-type (WT) (Fig. 5G). Furthermore, many under-
developed ovules were observed among the few normal devel-
oping seeds, indicating sporadic failure in ovule development
or insuﬃcient pollen for fertilization. Plants were also ob-
served with smaller rosette leaves and displaying a rapid emer-
gence of secondary meristems at the axes of the cauline
branches, leading to plants with increased branching
(Fig. 5H, I). Together, these phenotypes demonstrate that
ectopic expression of PNek1 aﬀects organ development and
possibly meristem activity.4. Discussion
14-3-3 proteins are known to be involved in many protein–
protein interactions, which link them to a wide range of
cellular processes. We presented here the interaction between
14-3-3P20-5 and PNek1 in poplar. Mapping of the 14-3-3/
PNek1 interaction has revealed that serine 416 along with
the dimerization domain comprising a coiled-coil motif, are
essential for that interaction. Although the ﬁrst NIMA kinase
was found in the fungus A. nidulans and further described in
other eukaryotic organisms [7], none of those studies have
shown an interaction with a 14-3-3. Indeed, the poplar PNek1
and the tomato SPAK are the only two Neks yet shown to
interact with 14-3-3 isoforms. In silico analyses predict that
mammalian Nek1, Nek3, Nek4, Nek9, Nek10 and Neurospora
Nim1 have potential 14-3-3 interaction motifs, all located in
their C-terminal region (data not shown). The binding of 14-
3-3 to plant Neks certainly does appear to be a common mech-
anism as we have found a typical 14-3-3 binding motif around
serine 416 on four (AtNek1, AtNek2, AtNek3, and AtNek4) of
the seven putative AtNeks. However, it remains to be seenwhether the association between 14-3-3 and Neks may be gen-
eralized across the plant kingdom. In addition, all putative
plant Neks were found to cluster with only two (Nek4 and
Nek11) of the eleven characterized members of the mammalian
NIMA kinase family. During mitosis, the fungal NIMA is
localized to the spindle microtubules and to the spindle pole
bodies [5], and both the human Nek2 and the Dictyostelium
DdNek2 are found associated with the centrosome [29,30].
Higher plants do not have this typical centrosome structure.
This raises the question of whether or not Nek2-related kinases
are present in plants and whether they fulﬁll similar roles but
through diﬀerent substructures.
Using aphidicolin to cell cycle synchronize a poplar cell sus-
pension, we were able to correlate PNek1 mRNA levels with
the G1/S transition and with the progression through the G2-
to-M phases. Similar results have also been observed in mitotic
cells with diﬀerent Neks including NIMA [26,31,32]. Check-
point association seems to be widespread in this family. In-
deed, Nek6 and Nek9 have also been shown to be associated
with the G2/M transition [33,34] and Nek11 has been proposed
to have a role in the G1/S checkpoint [32]. However, the ques-
tion is open whether PNek1 is rather downregulated in S
phase. Several Neks and NIMA itself have been shown to
phosphorylate histones and regulate chromatin condensation
[5,35]. Furthermore, Neks are involved in the formation of
centrosomal structures, which are typically duplicated in S
phase [8,33]. Since plants use scattered dynamic microtubule-
nucleating foci rather than well-deﬁned centrosomes [36],
PNek1 is an interesting candidate that might be involved in
such microtubule regulation during cell proliferation.
We observed that PNek1 is expressed in actively proliferat-
ing tissues, such as the meristems, developing leaves and
cambium. Moreover, this is similar to the expression pattern
observed with cell cycle regulator gene histone H4 and CycB1
genes (this study and [37,38]). This is in accordance with
in situ hybridization results with AmNimA and SPAK where
expression was observed in the actively proliferating regions
of apical and ﬂoral meristems [9,10]. Moreover, ﬂowers and sil-
iques were the most visibly aﬀected organs from our PNek1
4664 M. Cloutier et al. / FEBS Letters 579 (2005) 4659–4665overexpression. Severely aﬀected lines were considered sterile.
This result indicates that reproductive organ development is
sensitive to an ectopic expression of PNek1 and suggests a role
in the regulation of organ development. Overexpression of
other cell cycle-related proteins has also been shown to aﬀect
the morphology of ﬂoral organs, including the ectopic expres-
sion of ICK1, a CDK inhibitor in Arabidopsis, which showed
drastic growth and cell division inhibition [39]. As well, both
the antisense expression of the tomato SPAK and the ectopic
expression of its C-terminal extension resulted in the formation
of pear-shaped fruits [10].
Despite the fact that nuclear and cytoplasmic localizations
have been published for several other Neks, nucleolar target-
ing seems to be restricted to our results. Although GFP-D263-
N does not have a predicted nuclear localization sequence
(NLS), it exhibited a strictly nuclear localization including
the nucleolar region. This implies that a region in the cata-
lytic domain triggers nuclear localization. Two recent studies
have shown that, even though CDK2, ERK1 and ERK2 do
not possess any NLS, they are translocated to the nucleus
via an association between their catalytic domains and a pro-
tein with a NLS [40,41]. Furthermore, several cell cycle regu-
lators whose activities are regulated by sequestration in the
nucleolus have been identiﬁed [42,43]. Although no speciﬁc
nucleolar targeting consensus sequence has been identiﬁed,
a basic amino stretch rich in arginine and lysine seems to
be required [44]. Recent proteomic studies tend to demon-
strate that the nucleolus forms through protein–protein and
protein–RNA interaction rather than having a nucleolar
localization sequence [45,46]. Both GFP-PNek1 and GFP-
D264-C displayed similar subcellular localization, which are
found in the cytoplasm and in both the nuclear and nucleolar
regions. This indicates that the targeting signals of PNek1 are
found in its C-terminal extension. A 14-3-3 protein has been
shown to be involved in the cytoplasmic sequestration of
phosphatase Cdc25, which is required to activate the nuclear
Cdc2 kinase and allow entry into mitosis [47]. In addition, it
has been shown that 14-3-3s can actually enter the nucleus to
interact with their target and allow their nuclear export [48].
It is possible that such a sequestration mechanism regulates
PNek1 localization and activity. Moreover, among the three
diﬀerent GFP fusions studied, the GFP-PNek1 lines were
the only ones to display morphological abnormalities in
Arabidopsis.
Overall, our work strongly suggests that PNek1 is involved
in cell proliferation and organ development. We demonstrate
for the ﬁrst time that PNek1 expression is cell cycle regulated.
Moreover, the subcellular localization of PNek1 is consistent
with nuclear functions. In addition, overexpression of PNek1
altered the morphology of ﬂoral organs and branching pat-
terns, possibly as a result of an eﬀect on cell division. In toma-
to, the SPAK signaling network is suggested to involve
associations with many proteins including SP, 14-3-3 and
SIP4. The interaction between SPAK and SP from tomato is
also possible with the SP ortologs TFL1 (Arabidopsis) and
CEN (Antirrhinum) [10]. These associations could very well
be conserved in the plant kingdom. At this time however,
the exact nature and role of the signaling pathway involving
plant Neks remains to be deﬁned. PNek1 is part of a newly
emerging family of NIMA-related kinase in plants, and it
will be interesting to understand their association with plant
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